Abstract An argument for preclinical stroke research to make more use of the permanent middle cerebral artery occlusion (MCAO) model, rather than transient MCAO, is presented. Despite STAIR recommending permanent MCAO as the primary model, preclinical stroke research has not been listened. In 2012, Hossmann reported that 64% of the treatment studies for MCAO used prompt transient MCAO models and only 36% of the studies used permanent MCAO or gradual transient MCAO (i.e., embolic stroke model). Then, in 2014 and 2015, 88% of published basic science studies on large vessel occlusion used the transient MCAO model. However, this model only represents 2.5-11.3% of large vessel stroke patients. Therefore, the transient MCAO model, which mimics stroke with reperfusion, does not accurately reflect the majority of clinical stroke cases. Thus, once again, the argument for studying permanent MCAO as a primary model is made and supported.
Introduction to the Disparity Between the Usage of Ischemic Stroke Animals Models and the Prevalence of Clinical Stroke Subtypes
The most widely used animal model of stroke, transient middle cerebral artery occlusion, was utilized in 88% of the experimental studies in 2014 and 2015 (see BMimicking Clinical Stroke Pathology with Animal Models^in this article). Despite the recommendations by STAIR [1] and others in stroke research [2] [3] [4] , we are still employing the transient middle cerebral artery occlusion model more often than is observed clinically. Since the original STAIR meeting [1] , a number of publications have presented basic science arguments against the use of the transient middle cerebral artery occlusion model as the primary model for cerebral ischemia [2] [3] [4] . In this perspective, we will renew the discussion for minimizing our use of the transient middle cerebral artery occlusion animal model, but we will base the argument on the clinical presentations of large vessel stroke. Also discussed are the future directions for precision animal modeling of stroke.
Large Vessel Stroke
There are 650,000 US ischemic stroke patients annually, with 40-50% of them (~300,000) experiencing stroke due to large vessel occlusion (LVO, i.e., middle cerebral artery (M1 and M2 segments), internal carotid artery) [5] . Of the approximately 300,000 LVO stroke patients, up to 15% are treated with tPA [6] and 2.6-4% are treated with mechanical embolectomy [5] , and there is an overall 90-day mortality of 27.9-36% [7, 8] . This perspective paper will focus on stroke from LVO and the animal models used to mimic LVO.
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Vessel Recanalization After Large Vessel Stroke
Treatment of ischemic stroke targets recanalization of the occluded blood vessel(s) to restore blood flow (i.e., reperfusion) using either pharmacological breakdown of the clot or mechanical clot removal. Currently, thrombolysis with tissue plasminogen activator (tPA) and mechanical embolectomy are used in the clinic to restore blood flow. tPA may be used in as many as 15% of large vessel stroke patients (15% [6] × 300,000 LVO patients = 45,000 LVO patients receiving tPA), resulting in recanalization (partial or complete) in 11-40% [9, 10] of tPA-treated patients with LVO (11-40% [9, 10] × 45,000 = 4950-18,000 individuals) and a favorable outcome in 28-46% of them [10, 11] . Mechanical embolectomy, removal of the clot using a retriever, is an alternative treatment for vessel reperfusion. In 2014, mechanical embolectomy was used to treat 8000-12,000 patients with large vessel stroke in the USA [5] . Of patients receiving embolectomy, recanalization occurs in about 75% [9] of them (75% [9] × 8000-12,000 [5] = 6000-9000 recanalizations). In summary, even with the use of these two therapies, of the~300,000 annual US stroke patients with LVO, 3.65-9% have recanalization ((4950-18,000)/300,000 = 1.65-6% recanalizations from tPA, (6000-9000)/300,000 = 2-3% recanalizations from embolectomy). This means that, in the USA, between 273,000 and 289,050 stroke patients with LVO do not have vessel recanalization (i.e., the blood vessels are permanently occluded) ( Table 1) .
In patients not treated with thrombolytics or endovascular therapies, spontaneous recanalization may occur. Typically, spontaneous recanalization occurs in about 20% of large vessel strokes [11, 12] , so the total recanalization number is likely higher than 10,950-27,000 per year. Yet since the reported rates of spontaneous recanalization vary significantly (up to 45%) [9, 12] , it is difficult to determine the number of stroke patients with spontaneous reperfusion; thus, this patient population will not be included in the following discussion.
Categories of Large Vessel Stroke
We propose a classification for clinical scenarios of ischemic stroke patients with LVO who have had recanalization (10,950-27,000 patients) ( Table 2 ). Subtype A is defined as patients with recanalization of large vessels who have a small infarction volume (less than 70 mL volume) [13] [14] [15] . Despite a LVO, recanalization in this patient subtype prevents the expansion of the infarction and allows injured tissue to heal. This subtype occurs in approximately 37-70% of LVO patients who have had vessel recanalization (28 of 76 LVO patients [16] = 37%, 19 of 27 LVO patients [13] = 70%), and this patient population typically has good clinical outcomes [13, 16] . The mortality for this patient population is about 8% [11, 17] , but may be as low as 1% [18] . The number of patients with subtype A, recanalization of a LVO with a small infarction volume, is 1.4-6.3% of the total LVO patient population: [19] ) and death (mortality is up to 80% of subtype B patients) [19] . In a two-center collaborative study, 14 of 98 LVO patients (=14.3%) to 13 of 43 LVO patients (=30.2%) who had vessel recanalization experienced symptomatic hemorrhage [20] . Number of LVO patients with recanalization = 10,950-27,000 Number of LVO patients without recanalization (i.e., permanent occlusion) = 273,000-289,050 Table 2 Clinical stroke subtypes Subtype A Small infarction volume (little or no infarction expansion, volume <70 mL) [13] [14] [15] Good outcome [13, 16] Low mortality (<8%) [11, 17, 18] Occurrence: 1.4-6.3% of all LVO patients Subtype B Large infarction volume (infarction expansion after recanalization, volume >70 mL) with severe brain edema and/or hemorrhage Poor outcome (up to 50% of surviving patients have major disability) [19] Very high mortality (up to 80%) [19] Occurrence: 0. Subtype C is defined as patients who have large vessel recanalization and a large infarction void of any lifethreatening brain edema and/or hemorrhage. Despite recanalization, subtype C experiences an expansion of the infarction, leading to large infarction volumes (greater than 70 mL) [13] [14] [15] . This recanalization subtype often leads to permanent functional deficits and requires long-term recovery, with a mortality of 12-25% (as low as 9% with the use of embolectomy) (from MR RESCUE, MR CLEAN, EXTEND-IA, ESCAPE, SWIFT PRIME, REVASCAT, and references [11, 17, 19, 21, 22] ). This subtype has been found to occur in 9 of 53 LVO patients [23, 24] (=17%) to 19 of 76 LVO patients [16] (=25%) with recanalization. Extrapolating to the entire LVO patient population, subtype C occurs in 0.6-2.3% of large vessel stroke patients:
Subtype C ¼ 17−25% 16; 23; 24 ½ ð Þ 10; 950−27; 000 ð Þ 300; 000 ¼ 0:6−2:3% These three recanalization subtypes account for the 10,950-27,000 patients with recanalization after large vessel stroke. Using these classifications, the following discussion shows the disparity between the clinical scenarios of large vessel stroke and the animal models utilized in preclinical studies of stroke.
Mimicking Clinical Stroke Pathology with Animal Models
To date, several therapeutics for ischemic stroke which had very promising experimental findings have all failed in clinical trials. This may in part be due to the discrepancies between the animal models used in preclinical studies and the clinical scenarios of stroke, as highlighted in the STAIR meeting [1] and by others [2] [3] [4] .
Experimental models using animals allow for a controlled environment and controlled variables (such as age and sex) with which we can better understand clinical pathophysiology and mechanisms of disease, develop and test the efficacy of potential therapeutics, and evaluate comorbidities. Animal models of cerebral ischemia allow for an injury to be tightly controlled to create well-defined and reproducible primary and secondary injuries (i.e., infarction size, neuroinflammation, brain edema). . This search produced 2956 hits. These hits were refined to determine the number of experimental/preclinical animal studies which occluded the middle cerebral artery M1/M2 segments. This inclusion criteria produced a total of 1278 experimental papers which studied LVO in animals published in either 2014 or 2015: 1125 articles utilized transient middle cerebral artery occlusion (MCAO) models (1069 used an intraluminal suture, 56 used an embolus) and 153 articles which utilized the permanent MCAO model (intraluminal suture). The distal MCAO (i.e., ligature or electrocautery) and the photothrombosis models were excluded since these models do not target the M1/M2 segments of the middle cerebral artery. There were no language restrictions.
There are two widely used transient MCAO animal models to mimic LVO: intraluminal suture MCAO and embolic stroke MCAO. The intraluminal suture model utilizes a suture inserted into the MCA to interrupt the blood flow for a specific duration (typically 60-120 min). After the allotted time, the suture is removed, beginning reperfusion. This transient MCAO model resembles large vessel stroke patients who have had reperfusion after recanalization. The intraluminal MCAO model can partially mimic LVO patients who are subtypes A-C which accounts for 2.5-11.3% of all LVO patients. Despite mimicking a very small percentage of the stroke population, this animal model was used in 84% of the preclinical studies in 2014 and 2015.
The other widely used transient MCAO model is the embolic stroke model which uses an autologous blood clot injected into the MCA to occlude the vessel. Typically, this model is used to study reperfusion (by tPA or new thrombolytics) or therapies in combination with tPA. This model was used in 4% of the experimental studies in 2014 and 2015. The embolic stroke model can also be used to partially mimic LVO patient subtypes A-C.
Problem in Preclinical Stroke Studies
A goal of preclinical studies is to test potential therapeutics for a clinical disease, and basic science research for stroke is no different. However, a problem with preclinical stroke studies is that they are relying on the transient MCAO model as the primary model for cerebral ischemia, thereby deviating from the clinical picture for large vessel stroke.
First, transient MCAO is disproportionally used in comparison with permanent MCAO; 88% of the experimental stroke studies utilized transient MCAO models, but these models only represent 2.5-11.3% of all large vessel stroke patients (subtype A 1.4-6.3%, subtype B 0.5-2.7%, subtype C 0.6-2.3%) since most LVO patients do not have reperfusion (Fig.  1) . While the transient MCAO model indeed is relevant to specific clinical stroke situations, to date, the use of transient MCAO models does not reflect the clinical scenario(s) (i.e., 88.7-97.5% of LVO patients have permanent vessel occlusion).
Second, the transient MCAO models used in preclinical studies are defined by reperfusion of the occluded vessel(s). Thus, drugs tested in these models rapidly reach the ischemic core and penumbra, producing their protective effects directly and immediately in the ischemic tissue. However, in 88.7-97.5% of LVO patients, the occlusion is not reopened, so therapeutics cannot directly reach the ischemic zones. Rather, in permanent LVO patients, therapeutics can only get to the penumbra via collateral circulation in a limited manner, and only if patients have good collateral circulation. Therefore, therapeutics that are successful in reducing infarction and neurological deficits in transient MCAO animal models may not have any success in LVO patients who do not have vessel recanalization (which is 88.7-97.5% of the LVO patient population). A delivery method of therapeutics which may be used in permanent MCAO models to bypass this phenomenon is convection-enhanced delivery (infusion of a solution directly into the brain via a small cannula). Use of convection-enhanced delivery in the rat model of permanent MCAO will still allow many researchers to study the effect of their therapeutic on ischemic core and penumbra.
Although the transient MCAO model is needed during the normal pipeline for drug development, it probably should not be the first model studied. Using the transient MCAO model as the first model for a drug may give rise to positive results, and therefore publications. But then, transitioning the drug into the permanent MCAO model leads to negative findings. Furthermore, the STAIR recommendations support the use of this model as a supplementary model to more clinically relevant animal models (i.e., the permanent MCAO model) [1] . Thus, in order to follow the recommendations by STAIR and the normal pipeline for drug development, the permanent MCAO model should be studied.
Future Directions and Precision Stroke Animal Models
The main goal for stroke treatment is vessel recanalization to restore blood flow to the ischemic tissue. Recanalization will provide the best outcome possible for stroke patients. Currently, the time window for recanalization is 6 h, but this may be extended up to 24 h with the promising findings of the DAWN trial [25] . Extending the time window and/or finding new therapies which can increase the number of patients having reperfusion should be a major focus for stroke treatment. However, until the percentage of patients receiving vessel recanalization becomes larger (see "Proposed Treatment for Permanent Large Vessel Occlusion" and "Other Factors Affecting the Use of Experimental Ischemic Stroke Models" below), there will be a disproportion of clinical classification for stroke patients towards permanent vessel occlusion.
Despite the recommendations by STAIR [1] , STEPS [26] , RIGOR [27] , and others in stroke research [2] [3] [4] [28] [29] [30] [31] [32] , the transient middle cerebral artery occlusion model has been disproportionally used in preclinical research. Although the transient MCAO model has its place among the animal models of focal ischemia, the limitations of this model suggest it should not be used as a primary model of stroke research. Despite numerous arguments against wide use of the transient MCAO models (particularly the rapid reperfusion models (i.e. the intraluminal suture model)), basic science stroke researchers have not changed. Indeed, in 2012, Hossmann reported that 64% of the treatment studies for MCAO used prompt transient MCAO models and only 36% of the studies used permanent MCAO or gradual transient MCAO (i.e., embolic stroke model) [3] . Now, in 2017, preclinical studies have further augmented the imbalance: 80% of the studies in 2014-2015 used intraluminal suture MCAO, while permanent MCAO was used in 12% of the 2014-2015 studies and embolic stroke used in 4% of the 2014-2015 studies.
The disparity between the usage of animal models for large vessel stroke and the clinical LVO patient population argues for us to make a shift in our animal models of LVO. But, how do we begin to shift our focus in preclinical studies towards precision stroke animal models which can promote clinical relevance and ultimately translation? In addition to following the recommendations of STAIR [1] , STEPS [26] , and RIGOR [27] , the following suggestions are offered.
Choosing a Preclinical Model for Ischemic Stroke

Advantages of the pMCAO Model
First, we should examine therapies using a stroke model(s) which represents the majority of clinical stroke cases. In other words, rather than first using transient MCAO models (which only mimic 2.5-11.3% of the clinical stroke subtypes for LVO), let us utilize permanent MCAO animal models which represent 88.7-97.5% of LVO patients. As argued previously [1] [2] [3] [4] , the permanent MCAO model seems like a logical starting place since it (1) mimics LVO patients without recanalization/reperfusion, (2) represents the majority of LVO patients, and (3) is an established, robust, and reproducible model with known outcomes and reported tips/tricks. An additional benefit of the permanent MCAO model is that the transport of therapeutics into the ischemic tissue will be hindered by the occlusion (i.e., intraluminal suture, embolus), increasing its clinical relevance. Thus, a therapy which is found to be beneficial in the permanent MCAO model may have a better chance of success in other stroke animal models (i.e. transient MCAO), as well as in clinical trials.
Advantages of the tMCAO Model
While we propose that the pMCAO model should, in general, be utilized first, there are instances when the tMCAO should be the first model used for an experimental ischemic stroke study. Several review articles are available which highlight specific benefits for the various MCAO models [33] [34] [35] [36] . Animal models of tMCAO are very useful to study reperfusion injury, such as delayed neuronal death, severe cerebral edema, hemorrhagic transformation, and infiltration of systemic inflammatory cells [37, 38] , to study mechanisms of tMCAO, and to test therapies designed for reperfusion injury, especially as the number of patients with vessel recanalization increases; reducing injury and promoting healing after reperfusion is critical to improve outcome after recanalization. Indeed, two clinical trials (GAME and MAVARIC) are investigating promising therapeutics for reperfusion injury.
Spontaneous Reperfusion
Next, we realize that there exists a patient population in which spontaneous recanalization occurs after large vessel stroke; preclinical studies on LVO should also strive to incorporate this into their designs to improve clinical translation. Spontaneous recanalization has been reported for the embolic and photothrombotic stroke models; thus, these two models may be suitable as precision stroke animal models for this LVO sub-population. While the embolic stroke model has been extensively researched, the variability and cost limits its appeal. The current photothrombotic model targets the M3 segment of the middle cerebral artery, making it insufficient for the LVO classifications mentioned in this article (M1/ M2 segments of the middle cerebral artery). However, with the appropriate changes in design/modeling, the photothrombotic model may be used to target the middle cerebral artery M1/M2 segments.
Proposed Treatment for Permanent Large Vessel Occlusion
Finally, we propose that there exists a LVO patient population which does not have vessel recanalization, but may benefit from delayed recanalization (i.e., days or weeks after), likely using embolectomy or stenting. The current thinking is that if reperfusion cannot occur within a few hours after the onset of stroke, reperfusion will only exacerbate the injury. While this may be true during the progression of injury, it is conceived that, after edema (and other secondary injury) has resolved and the patient is stable, delayed recanalization of the permanently occluded vessel(s) may be beneficial. Li and Murphy identified three zones of brain issue affected by MCAO: an ischemic core (irreversible damage), a reversible damaged penumbra, and a hypo-perfused structurally intact penumbra [39] . While the ischemic core dies within minutes of ischemia [40] , the penumbra can survive for days to weeks [41, 42] . This suggests that the proper treatment of permanent large vessel strokes cannot only salvage ischemiaaffected tissue (i.e., the penumbra), but may also provide improved neurological and functional outcomes. Indeed, two case studies and a small clinical trial have reported on the benefits of delayed recanalization for permanent large vessel stroke patients [25, 43, 44] . Two case studies used stenting to provide recanalization at 80 days and 4 months [43, 44] . Recently, the DAWN trial results show that delayed recanalization (within 24 h of the insult) via embolectomy can reduce severe disability, even to the point of functional independence [25] . Interestingly, and which also offers a great opportunity, is that up to 94% of large vessel stroke patients show perfusion-diffusion mismatch (which is an indicator of penumbra tissue) [40] . However, before moving towards large clinical trials, delayed recanalization should be examined, especially for comorbidities, in experimental models. Thus, it is of interest to test an animal model of MCAO with delayed recanalization as a potential therapy.
Other Factors Affecting the Use of Experimental Ischemic Stroke Models
On a separate but related note, there are other factors which can shift the balance of mimicking stroke with animal models. One major factor is the health care system. Currently, most stroke patients are not candidates for thrombolytics. Yet, the day may come when most stroke patients reach the clinic soon enough to be treated, thereby shifting the balance of transient vs permanent stroke towards transient events [45] . Another factor, related to basic science, is that the transient MCAO model is the most promising animal model of stroke which allows therapies to have the highest rate of success, thus leading to positive results and publication in high impact journals. Indeed, negative studies of very promising therapies do not receive much attention and are published in low impact journals. This concern is unlikely to be resolved, unless alternative delivery methods are adopted and used in permanent MCAO models to successfully deliver the therapeutic(s) (see the second problem in BProblem in Preclinical Stroke Studies^).
Pipeline for Drug Development
Basic science research should not only be focused on understanding the pathophysiology and signaling pathways of diseases, but should also support drug translation from the bench to the bedside. To do this, we need to follow the recommendations provided by STAIRS [1] , STEPS [26] , and RIGOR [27] . Any drug which is a candidate for attenuating either primary or secondary injury after stroke should follow the same logical steps. This includes drugs which may target a single, specific facet of the injury cascade since many drugs activate signaling pathways which converge on the same major Bswitch^proteins, thereby attenuating numerous secondary injury pathways (i.e., apoptosis, BBB disruption, inflammation) [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] .
Therefore, the logical road for preclinical stroke research should be to first test the drug using a model of permanent middle cerebral artery occlusion, then a gradual reperfusion model such as the embolic stroke model, and, finally, a prompt reperfusion model. The goal of the permanent MCAO model would be to identify the therapeutic regimen (dose, timing) and evaluate its potential in reaching the ischemic tissue. This would also examine the response of the drug as a therapy for the most abundant case of stroke, permanent occlusion. The embolic stroke model would then be used to refine the therapeutic regimen, as well as investigate the therapy in a clinically relevant model. Finally, a prompt reperfusion model can be used to study the drug's effect(s) on reperfusion injury to ensure it is safe for patients receiving embolectomy. In addition, the comorbidities and risk factors for stroke should also be evaluated in one or more of these models. While Big Pharma typically follows this pipeline for drug development, basic science research for stroke has not followed suit. Only by following these recommendations, which have been highlighted a number of times in the past [1, 26, 27 ], can we hope that a novel therapy has potential in clinical trials.
Conclusion
To date, basic science research on stroke has been relying much too heavily on the transient MCAO model as a preclinical model for large vessel occlusion; 88% of experimental studies in 2014 and 2015 used transient MCAO, yet these models only represent 2.5-11.3% of the clinical large vessel strokes which occur. While the recommendations from STAIR [1] and others [2] [3] [4] have already identified this problem, we continue to rely on the transient MCAO model using the intraluminal suture. Herein, we provided an alternative view point for minimizing the use of the intraluminal suture model using the clinical subtypes of LVO. A shift towards making more use of the permanent MCAO model as the first step for preclinical studies is again recommended.
